New measurements of compressional-and shear-wave velocities in serpentinites from the Mid-Atlantic Ridge at 43°N, 1°N, and 4°S are reported at pressures to 10 kbar. At oceanic crustal pressures, compressional-wave velocities (V p) in serpentinites are between 4.2 and 5.2 km/sec and shear-wave velocities (V..) range from 2.1 to 2.5 km/sec. The ratios of Vp to V. for serpentinites are much higher than those measured for other rocks believed to be abundant in the oceanic crust. Poisson's ratios of serpentinites vary between 0.34 and 0.38. Comparisons of velocities and Poisson's ratios of serpentinites and partially serpentinized peridotites with similar data determined by seismic refraction studies demonstrate that serpentine is not a major constituent of the oceanic crust. Consequently, oceanic serpentinites are interpreted as forming in fracture zones by the hydration of peridotites which have been emplaced into the fracture zones by tectonic processes. An oceanic crust composed primarily of mafic igneous rocks and their metamorphosed equivalents is in better agreement with comparisons of laboratory measured elastic properties with seismic refraction data.
INTRODUCTION
Serpentinites are common constituents of tectonically active areas including mountain belts, island areas, and mid-ocean ridges. The geologic significance of serpentinites in these regions has been emphasized by many (e.g., Hess 1955; Dietz 1963; Raleigh and Paterson 1965; Coleman 1970a) . Serpentinites from oceanic areas are often associated with fracture zones and trenches. Quon and Ehlers (1963) , Nicholls et a1. (1964) , Muir and Tilley (1966) , and Miyashiro et al. (1969) have described serpentinites recovered near fracture zones which cut the Mid-Atlantic Ridge at latitudes between 24°and 300N. The Vema Fracture Zone in the North Atlantic (9°-110N) contains exposures of serpentinized peridotites (Melson and Thompson 1971) . Serpentinites have been collected north of a complex fracture zone which interrupts the Mid-Atlantic Ridge crest near 43°N lat (Phillips et a1. 1969) . Bonatti (1968) , Bonatti et a1. (1971) , and Melson and Thompson (1970) have reported serpentinites collected along the St. Paul, Romanche, and Chain fracture 1 Manuscript received February 18, 1972; revised April 24, 1972. [JOURNAL OF GEOLOGY, 1972, Vol. 80, p. 709-719] @ 1972 by the University of Chicago. All rights reserved.
zones in the vicinity of the Mid-Atlantic Ridge at latitudes 2°N-4 oS. Serpentinites also have been collected near the intersection of the Rodriguez Fracture Zone and the Mid-Indian Ridge (Hekinian 1968; Engel and Fisher 1969) , and from the crest of the Mid-Indian Ridge (Chernysheva and Bezrukov 1966) . Bowin et a1. (1966) and Chase and Hersey (1968) have described serpentinites from the Puerto Rico Trench.
Textural studies show that many of the oceanic serpentinites were derived from peridotite. Often the rocks are completely serpentinized, with lizardite being the most common serpentine mineral. Although small differences in CaO, A\z03, Ti02, K20, and FeO contents have been reported which may be of petrologic significance, the overall chemistry of oceanic serpentinites is relatively uniform (Miyashiro et a1. 1969) .
Alternate interpretations are possible to explain the presence of oceanic serpentinites. It has been proposed by Hess (1962 Hess ( , 1965 and Dietz (1963) that serpentine is a major constituent of the lower oceanic crust (layer 3). According to this theory, large volumes of partially serpentinized peridotite are envisioned as being generated under oceanic ridges by hydration of mantle peridotite. Layer 3 is believed to originate by lateral movement of this partially ser-
pentinized peridotite away from the oceanic ridges. Melson and Thompson (1971) have suggested that fracture zones expose sections of oceanic crust, and the abundance of serpentinite along fracture zones indicates that it is a major constituent of the lower oceanic crust. Bailey et al. (1970) interpret serpentinite and partially serpentinized peridotite above the Coast Range thrust in California as the basal part of Mesozoic oceanic crust. An alternate explanation is that the serpentinites are not major constituents of the oceanic crust, but represent slices of hydrated peridotite which are locally abundant along major fracture zones (Oxburgh 1967; Cann 1968; Christensen 1970b; Melson and Thompson 1971; Miyashiro et al. 1970 ). The question is thus one of abundance of serpentine in the oceanic crust.
With the advent of recent theories in global tectonics, the composition of the oceanic crust has become critical to an understanding of the geologic processes operating at ridge crests. Structure of the oceanic crust is largely defined on the basis of seismic velocity. Petrologic models of ridge crests and the oceanic crust must satisfy restrictions imposed by comparisons of oceanic refraction seismic velocities with laboratory measurements of velocities in rocks. In the absence of information on velocities of oceanic rocks, it has been difficult to evaluate critically the many compositional models that have been proposed for oceanic crustal regions.
In this paper, laboratory data on the elasticity of oceanic serpentinites are presented to pressures of 10 kbar. The data, when compared with marine seismic refraction data, show that serpentine is not an abundant constituent of the oceanic crust. It therefore appears that some process other than serpentinization of mantle peridotite must account for the formation of oceanic crust.
ELASTICITY OF OCEANIC SERPENTINITES
Compressionaland shear-wave velocities and densities are given in table 1 for three serpentinites dredged from the MidAtlantic Ridge. To determine the degree of anisotropy, velocities were measured in three perpendicular directions for each sample. The cores used for the measurements were 2.5 cm in diameter and between 5 and 7 cm in length. Densities were calculated from the dimensions and weights of the cores. For comparisons with previous measurements, the velocities and densities in table 1 are uncorrected for changes in length due to compression at high pressures.
Average velocities and densities at selected pressures corrected for length changes are given in table 2. Corrections were made for compression using an iterative routine and the dynamically determined compressibilities. Poisson's ratio (0-), the seismic parameter (cP), the bulk modulus (K), compressibility ({3), the shear modulus (/1), Young's modulus (E), and Lame's constant (X) given in table 2 were calculated from the corrected velocities and densities assuming isotropic elasticity.
The velocities were measured by a pulse transmission technique similar to that described by Birch (1960) and Christensen and Shaw (1970) . Barium titanate and a-ccut q lartz transducers of 1-3 MHz frequencies were used to generate the compressional and shear waves. Pressure was generated in a cavity 3.4 cm in diameter and 15.2 cm long by a two-stage pumping technique. Pressure was measured by means of a calibrated manganin coil. Temperatures of all runs were between 20°and 30°C.
PETROLOGY AND CHEMISTRY
Sample AII-32-8-4 was obtained from the Mid-Atlantic
Ridge from cruise 32 of the research vessel R. V. .1tlantis I I near 43°N lat. The serpentinites from this area have been previously described by Phillips et al. (1969) . Although minor antigorite is present, lizardite is the most abundant serpentine mineral in this rock. The X-ray diffraction patterns described by Page and Coleman (1967) have been used for identification of the serpentine minerals. Pseudomorphs of lizardite after pyroxene are common. The only other minerals identified in 
. 6% olivine occurring as fine-grained mylonitized aggregates completely enclosed in the serpentine matrix. Fine-grained magnetite and chromite are also present.
Sample AII-42-2-4 was obtained from the Mid-Atlantic Ridge at 4°S. The rock is highly weathered and contains over 95% lizardite. Hydrogarnet, magnetite, chrysotile, and olivine are also present.
Chemical analyses of the three serpentinites are given in table 3 along with their mean atomic weights, which have been shown by Birch (1961) to be important parameters in velocity-density relationships. The analyses are similar to previously reported serpentinite analyses from oceanic regions (Miyashiro et al. 1969; Hekinian 1968; Bowin et al. 1966; Bonatti 1968; Melson and Thompson 1971) . DISCUSSION Barrett and Aumento (1970) have reported compressional-wave velocities to 1 kbar for a serpentinite from the MidAtlantic Ridge. Compressional-wave velocities for this rock were approximately 2 km/ sec. The rock studied was highly weathered with a density of only 2.1 g/cm3. Previous measurements of velocities in fresh serpentinites at elevated pressures are limited to specimens from continental regions (Birch 1960; Christensen 1966a) , and from the AMSOC core hole near Mayaguez, Puerto Rico (Birch 1964) . Since the latter velocities were reported for only one direction (parallel to the core axis), the isotropic nature of these rocks was not established. ::VI any of the samples reported to be serpentinite contain appreciable amounts of olivine, magnetite, and chromite and therefore have velocities and densities higher than relatively pure serpentinites. This is illustrated in figure 1 . The new data for oceanic serpentinites ( fig. 1, open circles) are similar to velocities reported by Birch (1964) Birch (1960 Birch ( , 1964 , Christensen (1966a) , and this paper.
g/cm3). The high velocity for the antigorite specimen may be due in part to the rather large anisotropy reported for this specimen. However, based on new information on the chemical differences of the serpentine minerals (Page 1968 ) and other physical properties, Coleman (1971b) concludes that antigorite may have higher seismic velocities.
The elastic properties of serpentine are quite different from those of the common rock-forming silicates (Christensen 1966a) . This is illustrated in table 4, where the average elastic constants at 10 kbar of oceanic serpentinites are summarized along with the elastic properties of Mid-Atlantic Ridge mafic rocks and peridotite nodules. The high Poisson's ratio (0-) for serpentinite is particularly significant. Because of this, a should be a useful parameter for identifying regions which are underlain by serpentinite. Furthermore, since the effects of both pressure and temperature on a appear to be minimal (e.g., Anderson et al. 1968; Hughes and Maurette 1956) , seismic determination of a can be readily compared with laboratory data.
If isotropic elasticity is assumed, Pois- Poisson's ratio for oceanic crustal rocks appears to be approximately 0.28. Much of the scatter is probably due to problems in accurately identifying the secondary arrivals of the seismic energy. These observed values of a are clearly less than the average a (0.37) measured for oceanic serpentinites.
The hypothesis of a serpentine-rich oceanic crust proposed by Hess (1962 Hess ( , 1965 assumes that layer 3 is partially serpentinized peridotite. The average layer 3 compressional-wave velocity of 6.7 km/sec (Raitt 1963) corresponds to laboratory measurements of compressional-wave velocities at 2 kbar in peridotites approxi- mately 40%-50% serpentinized ( fig. 3 ). Peridotite 50% serpentinized has a density of 2.9 g/cm3 and a (}" of 0.33. This value of (}" is also much higher than (}" for the lower oceanic crust. Layer 2, if composed of partially serpentinized peridotite under a thin covering of basalt, should have a higher degree of serpentinization and correspondingly higher values of (}". This clearly does not agree with the seismic observations of Francis and Shor (1966) , which suggest that (}" increases with depth in oceanic crust.
HeImberger and Morris (1969) have recently presented a detailed seismic model of the oceanic crust north of the Hawaiian Islands. Their velocity distributions, shown in figure 4, were obtained from observations of both travel times and amplitudes of closely spaced records along a 120-km profile. Shear-wave velocities in this model were directly observed for the lower 5 km of the crust. The model presented by HeImberger and Morris shows several important features on velocity distributions within the oceanic crust. Rather than the simple three-layer model commonly found in oceanic refraction studies, they found a strong, positive velocity gradient in the
., for the upper oceanic crust has been reported in the Norwegian Sea by Hinz and Moe (1971) .
Although results from the Deep-Sea Drilling Project have shown that the upper few meters of layer 2 are basalt, the exact nature of the bulk of layer 2 is still uncertain. The large increase in compressionalwave velocity with depth in layer 2 is an important feature which can be explained by several petrologic models, including metamorphic recrystallization or intrusion of basalt by gabbro. It could be argued that this rapid increase in velocity results from decreasing serpentinization of oceanic crust underlying a thin layer of basalt. In figure 5 , the compressional-wave velocities of Helmberger and Morris (1969) have been related to the percentage of serpentine, assuming that the entire oceanic crust is partially serpentinized peridotite. The data of Christensen (1966a) for partially serpentinized peridotite at appropriate pressures have been used for this model. o pressional-wave velocity distribution can be readily explained by assuming increasing serpentinization with depth. A check of this model is offered by the shear velocities given by HeImberger and Morris (1969) . In figure 6 , appropriate shear velocities (Christensen 1966a) for the degree of serpentinization given in figure 5 are compared with the crustal shear velocities. It is apparent that shear velocities for a serpentine-rich crust are appreciably lower than the velocities of HeImberger and Morris. It is concluded that this crustal velocity distribution is not consistent with a serpentine-rich oceanic crustal model.
Recently, it has been suggested that the oceanic crust is primarily basaltic in composition and the lower oceanic crust, in particular, is composed of gabbro and its metamorphosed equivalents. This model is consistent with laboratory studies of seismic velocities (e.g., Birch 1960; Christensen 1970a Christensen , 1970b , petrologic considerations (e.g., Cann 1968; Coleman 1971b) , and comparisons of oceanic crustal structure with several ophiolite assemblages (e.g., Davies 1968; Coleman 1971b) .
In this paper, the argument against an oceanic crust consisting of abundant serpentinite is based primarily on comparisons of ratios of seismic compressionaland shear-wave velocities with laboratory measurements in partially serpentinized peridotites. Laboratory measurements of the ratios of compressionalto shear-wave velocities in basalt, diabase, gabbro, and their metamorphic counterparts are, however, in agreement with the available seismic data for the oceanic crust. Poisson's ratios at 2 kbar for several possible oceanic rocks are summarized in table 6. It is clear that mafic rocks satisfy the seismic refraction data for the oceanic crust ( t Christensen 1965 Christensen , 1966b t Christensen (unpublished data). § Christensen and Shaw 1970. abundance of the various mafic rocks within the ocean crust is still uncertain. The variety of metamorphics and gabbros which have been reported from oceanic regions suggests that the detailed petrology of the oceanic crust may be rather complex. An investigation of the elasticity of mafic rocks from the ocean ridges is in progress; it is hoped that the results of this study may help in arriving at the distribution of mafic rocks within the oceanic crust.
The common occurrence of serpentinites along major fracture zones strongly suggests that their origin is related to tectonic processes operating at ridge crests. They very likely have originated from serpentinization of diapiric intrusions of mantle into the fracture zones. In addition, a limited number of rocks from dredge hauls suggests the A u t h o r ' s P e r s o n a l C o p y existence of stratiform complexes in some oceanic regions (Engel and Fisher 1969; Melson and Thompson 1970 
